Proteins interacting with RNA structures at the 39 non-translated region (39NTR) of picornaviruses are probably important during viral RNA replication. We have shown previously that a dominant cellular cytoplasmic protein of 38 kDa (p38) interacts with the 39NTR and upstream regions of the hepatitis A virus (HAV) RNA (Kusov et al., J Virol 70, 1890-1897. Immunological and biochemical analyses of p38 have indicated that it is identical to GAPDH, which has previously been described as modulating translational regulation of the HAV RNA by interacting with the 59NTR (Schultz et al., J Biol Chem 271, 14134-14142, 1996). Three separate binding regions for GAPDH in the 39NTR and in the upstream 3D polymerase-coding region were identified. Structural analysis of these RNA regions by computer modelling and direct enzymatic cleavage suggested the presence of several AU-rich stem-loop structures having the potential for tertiary interactions. Binding of GAPDH to these structures was confirmed by RNA footprint analysis and resulted in the loss of double-stranded RNA regions. A different panel of RNA binding proteins (p28, p41 and p65) was detected in the ribosomal fractions of several cell lines (BSC-1, FRhK-4 and HeLa), whereas RNA binding of the GAPDH that was also present in these fractions was only marginal or absent.
INTRODUCTION
The distinct characteristics of the virus particle, the genome organization and the replication in vivo in hepatocytes have led to classification of hepatitis A virus (HAV) as the prototype virus of the genus Hepatovirus among the Picornaviridae. The HAV genome is a single-stranded RNA of plus-strand polarity, which is divided into a large open reading frame (6681 nucleotides) flanked by a 59 nontranslated region (59NTR, 734 nucleotides) and a 39 nontranslated region (39NTR, 63 nucleotides). The RNA terminates with a poly(A) tract of 40-80 nucleotides (Hollinger & Ticehurst, 1990) . The 59NTR has extensive secondary structures and part of it comprises an internal ribosome entry site (IRES), which drives cap-independent translation (Brown et al., 1991) and has been shown to form an RNA/protein complex with simian glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Chang et al., 1993; Schultz et al., 1996) . This ubiquitous glycolytic enzyme was found to be the major RNA-binding factor in HAVpermissive BSC-1 and FRhK-4 cells but not in HeLa cells. The binding of GAPDH to the IRES occurred at the RNA stem-loop IIIa and was competetively inhibited by addition of exogenous 57 kDa polypyrimidine tract-binding protein (PTB), which also binds to the 59NTRs of other picornaviruses (Borman et al., 1993; Hellen et al., 1993) . The destabilization of the IRES by GAPDH reduces RNA translation, whilst PTB dramatically increases translation when examined in a bicistronic construct (Yi et al., 2000) .
In contrast to the 59NTRs, comparatively little light has been shed on the putative functions of the picornavirus 39NTR in virus replication. For entero-and rhinoviruses, the existence of tRNA-like 39-terminal structures has been proposed (Pilipenko et al., 1992) . Functional analysis of the human rhinovirus 14 (HRV14) 39 stem-loop structure in particular has lent support to the importance of higher-order structure for RNA replication (Rohll et al., 1995) . Several investigators have shown evidence for the existence of a putative tertiary 'kissing' interaction within the two terminal stem-loop structures of poliovirus (PV) and coxsackievirus (Pilipenko et al., 1996; Melchers et al., 1997 Melchers et al., , 2000 Mirmomeni et al., 1997) . In stark contrast, Todd et al. (1997) have recently reported that synthetic PV and HRV RNAs from which the 39NTRs had been completely removed, although leaving the poly(A) tract intact, were infectious on transfection of tissue culture cells, albeit at a very low efficiency.
Picornavirus 39NTRs have been demonstrated to interact with virus proteins and with various cellular factors. HAV RNAs comprising all or part of the 39NTR and/or sequences of the 3D polymerase (3D pol )-coding region have been previously demonstrated to interact specifically with proteins from HAV-infected and uninfected cells, among which a protein of apparent molecular mass 38 kDa was the most prominent (Nuesch et al., 1993; Kusov et al., 1996) . Furthermore, computer-aided secondary structure modelling of complete genomes of several picornaviruses, including HAV, has implied that both the 59-and 39-terminal regions of individual genomes may, by extensive molecular folding/coiling, be brought into very close spatial proximity to each other (Palmenberg & Sgro, 1997) . Hence, interaction of proteins with one end of a picornavirus genome may direct virus replication and also influence replicative activity by simultaneous or concerted interaction with the other contiguous end of the RNA. Because detailed knowledge of the interaction of identified proteins with defined nucleic acid structures is crucial to a better understanding of the virus/host relationship, we set out to identify individual proteins that interact with the 39-terminal region of HAV RNA, to characterize these interactions and to determine the RNA elements involved. Our studies were aimed at the previously unidentified 38 kDa factor and other host proteins that we found to bind to the 39-terminal virus RNA.
In this report we describe the characterization of p38 by immunological and biochemical means and by UV crosslinking binding experiments, which strongly suggest that the protein is identical to the cellular glycolytic enzyme GAPDH of simian cells. We were able to identify three nonoverlapping protein-binding domains in the 39-terminal HAV RNA that mapped to AU-rich double-stranded regions forming parts of RNA higher-order structures.
METHODS
Plasmids. Subcloning and PCR procedures were performed according to standard protocols (Sambrook et al., 1989; Ausubel et al., 1991) . Oligonucleotides were synthesized by the phosphoramidite method on an Applied Biosystems DNA synthesizer 392. All recombinant plasmids contained sequences from HAV strain HAV7/ MK-5 and the nucleotide positions are according to the nucleotide numbering of plasmid pHAV/7 (Cohen et al., 1987) . Plasmids pGEM-500 and pGEM-90 have been described previously (Kusov et al., 1996) . Plasmid pGEM-400 was constructed by PCR amplification of HAV sequence nt 7104-7499 using forward primer 7104 (59-GGACTCGAG 7104 GCTGAAACCAGTTTCGGAAT 7123 -39) (XhoI site is underlined) and reverse primer rT7P (59-AGCTGGCTTATCGAAATTAA-39) and pHAV/7 as template. The PCR product was cut with EcoRI and XhoI and ligated into EcoRI-and SalI-restricted pGEM-1. To obtain pGEM-400DA, amplification of the HAV region nt 7104-7473, lacking the poly(A) 26 ; NEN) according to the manufacturer's protocol. Unlabelled RNAs, which were used for competition experiments, were generated with the MEGAscript (SP6/T7) In vitro transcription kit (Ambion).
For generation of control RNAs, MCS plasmid pGEM-1 was linearized with XbaI and subsequently used for in vitro transcription with SP6 RNA polymerase as described above. Control RNA 2C3A was obtained by restriction of pP3 (Gosert et al., 1997) with PvuII and subsequent in vitro transcription with T7 RNA polymerase.
Preparation of cellular extracts. The preparation of cellular extracts was carried out essentially as described by Chang et al. (1993) . To avoid contamination of the ribosomal salt wash (RSW) with proteins from the cytoplasmic S-100 fraction, the ribosomecontaining pellet was carefully washed two to three times with hypotonic lysis buffer prior to the preparation of the RSW fraction. The protein contents of the extracts were determined by the Bradford procedure (Bio-Rad Protein Assay).
UV cross-linking of protein/RNA complexes. UV cross-linking of protein/RNA complexes was performed as described by Chang et al. (1993) .
33 P-labelled RNA (1610 6 c.p.m.) and 2-3 mg protein were incubated for 20 min at 30˚C in binding buffer (5 mM HEPES, pH 7?9, 15 mM KCl, 2 mM MgCl 2 , 1?75 mM ATP, 6 mM DTT, 0?05 mM PMSF, 0?05 mM EDTA, 5 % glycerol) in 60 ml total volume. To prevent interaction of non-specific RNA binding factors with HAV RNA, tRNA (2-20 mg from E. coli or yeast as indicated; Roche) was included as non-specific competitor in the binding reactions. In competition binding experiments, the protein was preincubated with the competitor for 10 min at 30˚C before the 33 Plabelled RNA probe was added. Subsequently, samples were placed on ice and irradiated for 60 min at 254 nm with a UV light source (Stratalinker 1800). After digestion with 20 mg RNase A (Sigma) and 20 units RNase T1 (Roche) per sample at 37˚C for 30 min, analysis of the UV cross-linking products was performed by SDS-PAGE. The gel was fixed, dried and exposed to X-ray film at 270˚C.
Immunoblot analysis. Cellular extract (0?3-3?0 mg S-100 or RSW) or human erythrocyte GAPDH (Sigma) was separated by 12 % SDS-PAGE and electroblotted onto a nitrocellulose membrane (Schleicher and Schuell). After incubation with murine monoclonal antibody (mAb) 40.10.09 (kindly provided by M. Sirover, Philadelphia, USA), which was raised against the uracil DNA glycosylase subunit of GAPDH (Meyer-Siegler et al., 1991) , and subsequent incubation with alkaline phosphatase-conjugated goat anti-mouse IgG, detection of the immune complexes was performed with an NBT/BCIP colour development system (ProtoBlot; Promega).
Immunoprecipitation. Immunoprecipitation of UV cross-linked GAPDH was carried out essentially as described by Schultz et al. (1996) .
RNA secondary structure predictions. RNA representing the 39 end of the HAV genome was subjected to computer-assisted modelling using either the MFOLD program (Mathews et al., 1999) or the STAR program (kindly performed by C. W. A. Pleij and A. P. Gultyaev, Leiden, The Netherlands), which allowed the prediction of secondary and tertiary RNA structures (Gultyaev et al., 1995) .
Enzymatic probing of the 39NTR and direct analysis of specifically fragmented HAV RNA. Enzymatic mapping of secondary and tertiary interactions in HAV RNA and direct analysis of 59-end-labelled RNA were essentially carried out as described by Krol & Carbon (1989) . For primer extension analysis, 59-33 P-labelled oligonucleotides r7468 (complementary to nt 7468-7487) and r7387 (complementary to nt 7368-7387) were used.
Footprinting of GAPDH. Binding reactions between 1 mg unlabelled RNA300 or RNA90 (see Fig. 1 ) and 2?5-5?0 mg purified human erythrocyte GAPDH (Sigma) were performed under the same conditions as described above for cellular extracts. At the end of the binding reaction, 0?2-0?7 units RNase V1 or T1 (Pharmacia) were added and incubation was continued at 30˚C for 5 min (RNase V1) or 10 min (RNase T1). The reactions were stopped by the addition of 8 mg yeast tRNA and an equal volume of phenol and incubation for 2 min on a shaker. Nucleic acid from the supernatant was ethanolprecipitated in the presence of 300 mM sodium acetate and the subsequent primer extensions with avian myeloblastosis virus reverse transcriptase and 59-33 P-labelled oligonucleotides were carried out according to Krol & Carbon (1989) . The extension products were separated on an 8 M urea/10 % sequencing gel, fixed, dried and exposed to X-ray film.
RESULTS

Identification of GAPDH and characterization of complexes with HAV RNA
To investigate the identity of the polypeptide p38 from BSC-1 cells that binds to the HAV 39NTR, various experiments were performed. Human GAPDH (huGAPDH), anti-GAPDH mAb 40.10.09 and cytoplasmic S-100 extract from BSC-1 cells were used in immunoprecipitation and Western blotting/ immunodetection analyses. First, positive-sense 33 P-labelled RNA300 ( Fig. 1 ) was synthesized and subjected to UV crosslinking/label transfer with cytoplasmic (S-100) extract from uninfected BSC-1 cells or huGAPDH under standard conditions. After treatment with RNase A/T1, labelled proteins were directly analysed by SDS-PAGE ( Fig. 2A , lanes 1 and 4) or were first subjected to immunoprecipitation ( Fig. 2A , lanes 2 and 5). Immunoprecipitation with mAb 40.10.09 resulted in the isolation of a single antigen with an apparent molecular mass of approximately 38 kDa when either purified huGAPDH or BSC-1 cytoplasmic lysate were subjected to the analysis. The antigenic relatedness of these proteins was further substantiated by their reactivity in Western blot analysis as denatured proteins (Fig. 2B) . The antigenic similarity of the two proteins extended to a second, independent mAb 374, which had been raised against rabbit muscle GAPDH (data not shown).
Immune complex formation between p38 and mAb 40.10.09 was highly specific because it could be effectively inhibited in a concentration-dependent manner by the addition of exogenous huGAPDH as competitor (Fig. 2C ). In addition, NAD + and ATP were tested for their ability to inhibit the RNA-binding activity of both proteins, as has been described previously for huGAPDH (Singh & Green, 1993; Nagy & Rigby, 1995) . The results showed that NAD + (Fig. 2D ) or ATP (data not shown) specifically reduced protein/RNA300 complex formation for both proteins.
In summary, the observed close antigenic and biochemical relatedness of p38 from BSC-1 cells and huGAPDH strongly suggested that the former represents GAPDH of the simian cell line. The simian p38 was therefore referred to as sGAPDH.
Identification of RNA domains interacting with sGAPDH
To characterize in detail the RNA regions responsible for the formation of cytoplasmic sGAPDH and HAV RNA, a number of synthetic RNAs were subjected to a standard binding assay (Fig. 1) . The observed sGAPDH/RNA association was specific for HAV RNA because residual vectorspecific RNA sequences (i.e. MCS of pGEM-1) showed no interaction with sGAPDH (Fig. 3A , lane 6). Also tRNA or control RNA of the HAV 2C3A coding region (nt 4938-5213), unrelated to the 39NTR, showed negligible capacity to form complexes with sGAPDH in binding or competition experiments (data not shown). Five different synthetic RNAs representing 39-coterminal fragments of RNA500 (i.e. RNA400, RNA300, RNA200 and RNA90) were individually used as substrates in the binding assay (Fig. 3A) . The substrate RNA90 represented only the 39NTR, whereas the other RNAs contained additional sequences from the upstream 3D pol -coding region. Furthermore, additional variant HAV RNA molecules were synthesized with truncations of 90 and Fig. 1 . 39-Proximal synthetic HAV RNAs and their ability to interact with BSC-1/p38. Linear representation of 39-proximal positive-sense HAV RNAs that were generated from recombinant pGEM-1 transcription vectors represented by the largest construct pGEM-500. Synthetic RNAs were produced by in vitro transcription with SP6 RNA polymerase to obtain positive-sense RNAs. Nucleotide numbering of the HAV genome is according to Cohen et al. (1987) and regions corresponding to the 3D pol -coding region and the 39NTR are schematically shown. The p38-binding domains a, b and c are represented by stippled boxes. The extent of label transfer to BSC-1/p38 in UV cross-linking experiments is indicated, ranging from very strong (++++) to absent (2).
230 nucleotides from the 39 end (designated RNA400D90, RNA300D90, RNA200D90, and RNA400D230 and RNA300D230, respectively) and used in the binding assay (Fig. 3B) . The results from these experiments indicated the existence of three non-overlapping sGAPDH-binding domains, a, b and c, within the 39-terminal 400 nucleotides of the HAV genome (Fig. 1 ). The precise limits of each domain were not determined, but the range of sequences was clearly located at positions between nt 7104-7196 (a domain), nt 7270-7305 (b domain) and nt 7410-7499 (c domain). While the c domain lay within the 39NTR, the a and b domains were part of the coding region (3D pol ).
Role of the poly(A) tail in sGAPDH/RNA complex formation
To investigate whether the poly(A) tail of HAV RNA plays a role in the interaction with sGAPDH, RNA400, RNA300, RNA200 and RNA90 were individually synthesized with or without the poly(A) tail and subjected to a standard binding reaction (Fig. 4) . The results showed that deletion of the poly(A) tail from RNA300 and RNA200 resulted in a strong decrease in sGAPDH binding. In particular, the relatively weak interaction of sGAPDH with the c domain in the context of RNA200 in this experiment was completely abolished by poly(A) deletion (Fig. 4 , lanes 5 and 6). In contrast, removal of the poly(A) tail did not have a significant effect on complexes with RNA400 (Fig. 4 , lanes 1 and 2) or RNA90 (data not shown). These findings were confirmed by additional binding/competition experiments in which unlabelled synthetic RNA molecules that lacked or included the poly(A) tail were used as competitors of complex formation (data not shown).
In summary, the results indicated that the poly(A) tail might promote binding of sGAPDH in some RNA molecules, either by direct interaction with the protein or by influencing the structure of sGAPDH-binding domains. However, poly(A)-dependent interaction depended on the additional presence of unidentified surrounding RNA regions. Therefore, the poly(A) tail appears to be part of the c domain, but additional unidentified sequences may influence its contribution to the sGAPH-binding capacity and the RNA folding of the c domain.
RNA structural determinants of GAPDH binding
RNA footprint analyses were performed to investigate the interactions between huGAPDH and the binding domains b and c of HAV RNA. Briefly, unlabelled RNA300 or RNA90 were subjected to a standard binding reaction in the presence or absence of huGAPDH. After treatment with the single-strand-specific RNase T1 and the doublestrand specific nuclease V1, the fragmented RNA was characterized by primer extension analysis using 33 P-labelled oligonucleotides (Fig. 5) .
Binding of huGAPDH to the c domain in RNA90 resulted in a decrease in V1 sensitivity at positions G7451, U7452 and U7453, whereas other V1-sensitive nucleotide positions were not affected (Fig. 5A , compare lanes 5 and 6). RNase T1 cleavage was detected at positions G7446 and G7447 by addition of huGAPDH (lanes 7-12). Control reactions without RNases (lanes 1 and 2) showed that the presence of the protein caused strong termination of primer extension at positions 7413, 7421, 7425, 7435 and 7455, all of which corresponded to an adenosine ribonucleotide. However, the prominence of these stops was variable between experiments RNA500, RNA400, RNA300, RNA200 and RNA90 were subjected to UV cross-linking with cytoplasmic (S-100) extract from BSC-1 cells and analysed by 10 % SDS-PAGE. Control RNA MCS represented the MCS of the transcription vector pGEM-1. (B) 33 P-labelled HAV RNA400, RNA300 and RNA200 were deleted at their 39 end by 90 or 230 nucleotides (designated D90 or D230) and subjected to a standard UV cross-linking reaction and electrophoretic analysis as above. Fig. 4 . Role of the poly(A) tail in p38/RNA complex formation. 33 P-labelled HAV RNA400, RNA300 and RNA200 were synthesized with or without (DA) the poly(A) tail and subjected to standard UV cross-linking reactions with the S-100 extract from BSC-1 cells. Labelled proteins were analysed by 10 % SDS-PAGE.
( Fig. 5A , B and data not shown) and might be an effect of incomplete removal of huGAPDH from the RNA prior to enzymatic cleavage.
To investigate the binding of huGAPDH to the b domain, the analysis was extended using RNA300 as the target. In the presence of huGAPDH, a significant decrease in V1 sensitivity occurred within the b domain in the otherwise highly sensitive stretches from U7281 to U7287 and from G7293 to U7300, respectively (Fig. 5B, lanes 3 and 4) . Furthermore, a significant reduction in V1 sensitivity was also observed in adjacent regions for nt 7266-7274, nt 7314-7316 and nt 7318-7321. Moreover, addition of huGAPDH resulted in a singular RNase T1 resistance of the b domain at position G7284, while other RNase T1-sensitive positions remained unprotected by the protein (Fig. 5B , lanes 5 and 6).
The major effects of huGAPDH binding on RNase sensitivity were thus observed on nucleotide stretches 7446-7453 and 7281-7300. Therefore, footprint analyses demonstrated that the two regions of interaction between huGAPDH and HAV RNA lie within the sGAPDH b and c binding domains. The observation that regions outside the b domain were also affected by huGAPDH interaction further indicated that additional sequences are involved in RNA folding of this binding domain. Subsequently, partial cleavage with increasing amounts of RNase V1 (0?2 and 0?5 units, lanes 3-6), RNase T1 (0?25 units, lanes 7 and 8; 0?5 units, lanes 9 and 10; 0?7 units, lanes 11 and 12) or control reaction without RNase (lanes 1 and 2) was performed and corresponding cDNAs were produced by primer extension with 33 P-labelled oligonucleotide r7468. (B) RNA300 was used in a standard binding reaction in the presence (+) or absence (2) of 2?5 mg huGAPDH and subsequently subjected to RNase cleavage with RNase V1 (0?25 units, lanes 3 and 4), RNase T1 (0?25 units, lanes 5 and 6) or control reaction without RNase (lanes 1 and 2). Primer extension was performed with 33 P-labelled oligonucleotide r7387. Lanes C, U, A and G correspond to the dideoxy sequencing ladder. Nucleotide positions are indicated on the left. Filled arrows or triangles indicate the increase in RNase T1-or RNase V1-susceptible positions in the presence of huGAPDH, whereas open arrows or triangles point to a decrease in the respective RNase sensitivity.
Secondary structure predictions for the 39NTR
RNA90 was subjected to computer-assisted modelling with two different algorithms, which revealed two different structures. Calculation with the MFOLD program (Mathews et al., 1999) resulted in the most thermodynamically stable structure of two contiguous hairpins with a calculated free energy of 27?6 kcal mol 21 (Fig. 6A) . By analogy to similar structures formed by the 39NTRs of enteroviruses (Pilipenko et al., 1992) , the small 39-terminal hairpin was designated domain X and the large upstream hairpin was designated hairpin Y. The first four 59-proximal A residues of the otherwise single-stranded poly(A) tail were involved in part of stem X. Weak interactions, however, between the immediate downstream A residues A7478-A7480 and U7456-U7458 may potentially occur (indicated by dotted lines). Furthermore, complementary sequences, mainly in the loop regions, may allow for tertiary 'kissing' interactions between the two basic structural elements, X and Y.
Similar computer calculations were performed with the STAR program, which allowed prediction of secondary and tertiary structure (Gultyaev et al., 1995) . This analysis resulted in the generation of a classical pseudoknot (PK) of the H type with a calculated free energy of 24?5 kcal mol 21 (Fig. 6B) (Pleij et al., 1985) . Stem S1 was very similar to the stem of domain Y but base pairs U7430-A7445 and U7431-G7444 were not included. Loop L1 contained nine residues (7430-7438), seven of which were also present in the loop of domain Y (C7432-A7438). Nucleotide stretches U7439-A7445 and U7465-A7472 formed stem S2 with one unpaired nucleotide U7469 creating a bulge loop. With respect to their immediate contiguity, stems S1 and S2 formed a quasi-continuous helix characteristic of PKs. The poly(A) tail remained completely single-stranded. Analysis with the STAR program predicted an additional structure comprising three contiguous hairpins with a calculated free energy of 29?5 kcal mol 21 (not shown). However, this was not supported by enzymatic analysis of the RNA, as described below.
Enzymatic probing of the 39NTR
In order to test the proposed model structures, enzymatic secondary structure analysis of RNA90 was carried out using nucleases S1 and V1 and RNase T1.
Only viral RNA upstream of nt 7466 was analysable by the primer extension technique (Fig. 7A) . The major sensitivities to individual RNases are shown in Fig. 6 . Nuclease S1 caused strong cleavage in the region of nt 7433-7438, representing the major part of loop L1 in the PK model or half of the loop of domain Y in the stem-loop model. RNase T1-sensitive positions were not found over the entire RNA region examined, indicating that most G residues were located in double-stranded RNA regions or were inaccessible for other reasons. The observed V1 sensitivity of nt 7450-7454 (Gultyaev et al., 1995) . The proposed model represents a pseudoknot (PK) structure of the H type. Stem regions are designated S1 and S2, whereas loop regions are designated L1 and L2 according to the nomenclature of Pleij et al. (1985) . Nuclease cleavage sites identified by enzymatic probing of the HAV 39NTR are indicated. Strong cleavages are indicated by filled symbols, whereas moderate nuclease sensitivity is represented by open symbols.
correlated well with the formation of stem S1 that was predicted for both structural models (of domain Y and S1).
In order to analyse the sequence downstream of nt 7466, enzymatic probing and fragment analysis were directly applied to radiolabelled RNA90 and RNA90DA (Fig. 7B) . The results for RNA90 demonstrated that the 59 moiety of the poly(A) tail was highly susceptible to nuclease S1 but not to RNase V1 (compare lanes 2 and 3 with 7 and 8), thereby strongly supporting the PK model. The resistance of the complete loop L2 of the PK against nuclease S1 cleavage in all experiments may be indicative of potential interactions between loop L2 and stem S1 that could further stabilize the PK structure. Cleavage with RNase V1 was inefficient in these experiments; however, weak but significant fragmentation at nt 7450-7455 supported the double-stranded structure P-labelled at their 59 terminus. Gel-purified RNA was subsequently treated with different amounts of nuclease S1 (0, 100 and 500 units, lanes 1-3, 9-11), RNase T1 (0, 0?75 and 1?5 units, lanes 4-6, 12-14) or RNase V1 (0?25 and 1?0 units, lanes 7, 8, 15 and 16). After limited digestion, RNA fragments were separated on an 8 M urea/5 % sequencing gel and detected by autoradiography. Lane G corresponds to a 'G ladder' that was obtained after partial RNase T1 digestion of the denatured target RNA. Lane OH represents an RNA ladder resulting from alkaline hydrolysis of the RNA with formamide. Nucleotide numbers are indicated on the left. (C) Linear representation of the pseudoknot structure allowing correlation of predicted structure to the RNase cleavage pattern.
predicted by both models. With the exception of G7468, which showed weak sensitivity to RNase T1, all other potential cleavage sites were inaccessible to the enzyme. Analysis of RNA90DA demonstrated that deletion of the poly(A) tail had no overall impact on nuclease sensitivity, thereby further supporting the PK model. In summary, enzymatic probing of RNA90 supported both proposed model structures. Based on the free energy values for the individual structures, the hairpin structure (DG= 27?6 kcal mol
21
) is more stable than the PK model (DG= 24?5 kcal mol 21 ). However, possible interactions between loop L2 and stem S1 may stabilize the PK and lower its free energy by another few kilocalories. In contrast, the pronounced nuclease S1 sensitivity of the poly(A) tail and the lack of any detectable structural changes following its deletion suggest a single-stranded conformation of the poly(A) tail and thereby strongly support the PK structure.
Variable mechanisms of sGAPDH/RNA formation and cell-type specificity
To investigate whether the interaction between GAPDH and HAV RNA was limited to BSC-1 cells, we also used HeLa and FRhK-4 cells in standard binding assays. Previous studies have shown that GAPDH of the ribosomal fractions of BSC-1, FRhK-4 and HeLa cells interacts with the HAV 59NTR. Therefore, in addition to the S-100 extracts, GAPDH in RSWs was investigated for its capacity to bind to the HAV 39 proximal 300 nucleotides.
The typical complex of cytoplasmic GAPDH and RNA300 was observed in the S-100 fraction of all cell lines investigated (Fig. 8A, lanes 1, 3 and 5) . In contrast, with RSWs, the complex was either detected in low amounts (BSC-1 cells), or not detected at all (HeLa and FRhK-4 cells) (Fig. 8, lanes 2, 4 and 6 ), whereas three additional factors (p28, p41, p65) represented the major RNA-binding proteins in BSC-1 (p28), HeLa (p41, p65) and . To elucidate whether the absence of the complex was due to GAPDH depletion from the ribosomal fractions or whether it was possibly caused by complete capture of substrate RNA by other highly abundant factors, the amounts of GAPDH present in S-100 extracts and in RSWs were compared by Western blot analysis. As shown in Fig. 8(B) , both cellular preparations of all three cell lines contained very similar amounts of GAPDH, indicating that fractionation of cells did not lead to preferential segregation of the protein into S-100 extracts.
DISCUSSION
Interactions between cellular proteins and the termini of viral RNAs seem to be important for both translation and RNA replication, e.g. by providing template specificity for the viral RNA polymerase during the transcription and replication of the viral RNA genomes (reviewed in Lai, 1998) . Previously reported interactions of the 39NTR of HAV with cellular factors (Nuesch et al., 1993; Kusov et al., 1996) were the focus of this investigation. We have shown that among various binding factors of human and simian cell lines (HeLa, BSC-1 and FRhK-4), GAPDH was the predominant component interacting with HAV RNA. Binding of this protein to the RNA was specific and correlated to the presence of three distinct nucleic acid domains within the 39NTR and within the virus protein 3D pol -coding region. Recently, simian GAPDH from BSC-1 cells has been described to interact specifically with stem-loop IIIa of the HAV 59NTR and to downregulate translation (Schultz et al., 1996; Yi et al., 2000) . Our results have demonstrated that sGAPDH is also the major cellular factor interacting with the 39-terminal region of HAV RNA. The identification of the protein was based not only on immunochemical but also functional comparisons with purified huGAPDH, as shown by using NAD + as a specific competitor for the RNA-binding capacity of GAPDH. In agreement with previous reports, the presence of NAD + in our binding studies was also inhibitory to the interaction of both sGAPDH and huGAPDH with HAV RNA (Perucho et al., 1980; Singh & Green, 1993; Nagy & Rigby, 1995) . Hence, sGAPDH and huGAPDH are, as well as being antigenically related, apparently functionally (and probably structurally) similar with respect to RNA binding. The high degree of similarity was, furthermore, evident in the footprint analyses, which revealed that huGAPDH interacted with the same b and c domains as sGAPDH. Also, the comparison of available GAPDH amino acid sequence data of human and simian (squirrel monkey) origin revealed that, although of variant sizes, both proteins are 99 % identical by amino acid sequence in the overlap region. In spite of the apparently close relationship, however, in the absence of amino acid sequence data, one may not completely rule out the possibility that the sGAPDH detected in our studies is not simian GAPDH. We believe this is unlikely, and the functional similarities of sGAPDH and huGAPDH observed and the specificity with which huGAPDH interacted with HAV RNA may reflect a functional role of the human enzyme in replication of virus in the natural host.
Interaction of GAPDH has been described to occur with secondary structures such as AU-rich helices of RNA. GAPDH has also been reported to possess helixdestabilizing activity, probably by preferentially binding to single-stranded regions (Karpel & Burchard, 1981; Schultz et al., 1996) . The prominent effect of huGAPDH on the HAV 39-terminal RNA was promotion of local resistance to RNase V1 and the parallel increase in sensitivity to RNase T1. Hence, complex formation was apparently associated with an increase in single-stranded areas of the RNA and would be in agreement with the nucleic acid helix destabilizing activity of the protein. The similar loss in doublestrandedness within domain b would also be due to the activity of the protein and would, in addition, support involvement of the b domain in the formation of RNA of higher-order structure. However, regions surrounding the b binding domain were also affected by huGAPDH interaction, and in a similar way sequences outside the c binding domain seemed to be important for poly(A) taildependent binding of sGAPDH for some RNA species (RNA200 and RNA300). These observations indicate that the RNA structure of the b and c domains, and thereby the binding of sGAPDH to these domains, could depend on the presence and/or folding of surrounding RNA regions in a given RNA.
Binding of GAPDH to RNA is mediated through discontinuous AUUUA pentamers. Specific binding of GAPDH to AU-rich elements (AREs) in the 39NTRs and association with polysomes has led to the suggestion that the protein may play a role in both regulation of ARE-dependent turnover and translation of mRNA (Nagy & Rigby, 1995) . Furthermore, De et al. (1996) demonstrated that GAPDH and La protein interact with two cis-acting RNAs of human parainfluenza virus type 3. Both RNAs contain AU-rich sequences and have the potential to form similar stem-loop structures. The 39NTR of HAV RNA also has a high propensity to form higher-order structures. Computer-aided calculation using two different algorithms gave rise to two structural models: (i) a stem-loop structure of two consecutive hairpins; and (ii) a classical PK structure. Physical analysis by probing with specific RNases demonstrated that the 39NTR was highly ordered and supported individual structures common to both models. However, the high susceptibility of the poly(A) tail, up to its 59 end, to single-strand-specific nuclease S1 was strong evidence in favour of the PK structure. This structure may suffice to mediate the interaction with sGAPDH. Moreover, the sGAPDH b binding domain has a high potential to participate in the formation of a stem-loop structure. Hence, sGAPDH binding to these structures may be associated with induction of single-stranded regions in RNA. This hypothesis is clearly supported by the change towards increased single-strand-specific RNase sensitivity observed on complex formation.
It has previously been reported that GAPDH is localized in the perinuclear region and in polysomes in addition to its well-documented localization in the cytoplasm (De et al., 1996) . Our investigations revealed that GAPDH is the major cytoplasmic (S-100) RNA-binding activity of BSC-1, HeLa and FRhK-4 cells, and that its association with ribosomal components (RSW) highly impaired this activity. Whether this is because of a strong interaction with other ribosomal proteins/RNA or, less likely, due to a different isomer being present in the RSW is not known. However, the RSW contained a variety of factors that interacted with the HAV RNA and that were expressed in a cell-typespecific manner.
So far, the mechanisms that regulate translation and replication of picornavirus genomes are not well known. Recently, binding of heterogeneous nuclear ribonucleoprotein A1 to the 39NTR of mouse hepatitis virus RNA was shown potentially to mediate cross talks between both ends, thereby affecting virus replication (Huang & Lai, 2001 ). It may therefore be possible that binding of ribosomeassociated proteins to the 39 terminus of the HAV genome is part of a mechanism regulating translation and/or replication of the genome. The implicit hypothesis of a close regulatory link of translation and RNA replication is supported by computer-assisted structure modelling of complete picornavirus genomes, which place the 39 and 59 ends of the viral RNA into close proximity (Palmenberg & Sgro, 1997) . Binding of GAPDH to either terminus of the HAV RNA may promote the establishment of their close spatial proximity.
The GAPDH enzyme plays an important role in cellular glycolysis. However, it may also serve a variety of other functions through its RNA binding and structure-modulating activity. Our observations clearly support a functional role of the enzyme in HAV replication. Apparently this role is complex and governed by factors other than the simple binding of sGAPDH to the RNA. In agreement with published data, regulation of the protein/RNA interaction occurred through NAD + and putative isoforms of GAPDH in the cytoplasmic and ribosomal fraction of the investigated cell lines (Nagy & Rigby, 1995) . There are several possibilities that allow modulation of its specific interaction with HAV RNA, e.g. local concentrations of NAD + in different subcellular compartments or the presence of various other cellular proteins may affect complex formation. Thus, subcellular distribution and/or availability of these factors might influence permissivity to and efficiency of growth of HAV by their influence on the interaction of GAPDH with virus RNA.
